Diagnostic test accuracy of the loop-mediated isothermal amplification (LAMP) assay for culture proven tuberculosis is unclear. We searched electronic databases for both cohort and case-control studies that provided data to calculate sensitivity and specificity. The index test was any LAMP assay including both commercialized kits and in-house assays. Culture-proven M. tuberculosis was considered a positive reference test. We included 26 studies on 9330 sputum samples and one study on 315 extra-pulmonary specimens. For sputum samples, 26 studies yielded the summary estimates of sensitivity of 89.6% (95% CI 85.6-92.6%), specificity of 94.0% (95% CI 91.0-96.1%), and a diagnostic odds ratio of 145 (95% CI 93-226). Nine studies focusing on Loopamp MTBC yielded the summary estimates of sensitivity of 80.9% (95% CI 76.0-85.1%) and specificity of 96.5% (95% CI 94.7-97.7%). Loopamp MTBC had higher sensitivity and lower specificity for smear-positive sputa compared to smear-negative sputa. In-house assays showed higher sensitivity and lower specificity compared to Loopamp MTBC. LAMP promises to be a useful test for the diagnosis of TB, however there is still need to improve the assay to make it simpler, cheaper and more efficient to make it competitive against other PCR methods already available.
Availability of expertise and technology in the peripheral area is always a considerable issue. Quality of any form of diagnosis is often even worse in peripheral hospitals of developing countries.
During the last 10 years, several researchers have assessed the diagnostic test accuracy of the LAMP assay for tuberculosis. Although these studies have revealed generally very good diagnostic performance, there are considerable discrepancies between their results . In addition, none of the studies could describe precise diagnostic accuracy because of their limited statistical power. Two research groups conducted systematic reviews and univariate meta-analyses to estimate the pooled sensitivity and specificity 6, 7 . However, we believe an updated meta-analysis is required. This is because these systematic reviews indicated discrepant results, i.e. the pooled sensitivity of 80% and 93%, and because recent meta-analysis guidelines have strongly suggested a hierarchical meta-analysis approach instead of simple univariate meta-analysis 33, 34 . The aim of the current systematic review and meta-analysis is to reveal the diagnostic test accuracy of the LAMP assay for tuberculosis using the data from previous studies.
Methods
Study registration. The study protocol followed the Cochrane Handbook for Diagnostic Test Accuracy
Reviews and the Preferred Reporting Items in Systematic Reviews and Meta-Analyses statement 34, 35 . This protocol has been registered with the international prospective register of systematic reviews (PROSPERO) as number CRD42016032722 36 . Eligibility criteria. Type of studies. We included both cohort and case-control studies. A study for diagnostic test accuracy is essentially cross-sectional. However, single-and two-gate studies are customarily termed cohort and case-control studies in this field 33 . We considered that case-control studies had a high risk of bias for patient selection 37 . Even though an article did not directly provide the diagnostic accuracy of the LAMP assay for TB, if it had sufficient data to calculate the sensitivity and the specificity, it was included.
Following the protocol, we did not exclude studies only because of non-English description. Our protocol also allowed non-full articles such as conference reports.
Index and reference test. We considered any LAMP assays targeting TB nucleic acid including both commercialized kits and in-house assays as index tests. Specimens should be clinical specimens and culture isolates were not accepted.
We We used the following formula for Pubmed without any limitation: (Tuberculosis OR TB OR mycobacteri*) AND (LAMP OR "loop-mediated isothermal amplification") AND (sensitivity OR specificity OR "predictive value" OR likelihood OR "true positive" OR "true negative" OR "false positive" OR "false negative"). Similar search formulas were also used for Embase, Cochrane library, and Web of Science (Supplementary Text 1) .
References of previously published reviews and those of included original studies were checked for possible candidate articles.
Study screening and selection. Two investigators (KN, NH) independently screened candidate articles by checking the title and abstract. Once independent screening was finished, articles that were regarded as candidates by at least one investigator were examined by the two investigators for final inclusion. Discrepancies were resolved by discussion between the two investigators.
Data extraction. The two investigators independently extracted necessary information from the finally included articles Then, we cross-checked the data extracted by the two investigators. Discrepancies were resolved by discussion between the two investigators.
Respiratory specimens and non-respiratory specimens were treated separately. When respiratory and non-respiratory specimens were evaluated collectively in a study and we could not separate these data, we disregarded the data.
Quality assessment for bias and applicability. The two investigators independently assessed the seven domains of a Revised Tool for the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) 37 . A study that had no domain with a high risk of bias and no domain with high applicability concerns was regarded as a high-quality study.
Statistical analysis.
Outcomes and data synthesis. First, we made two by two contingencies from the number of true positives/false negatives/false positives/true negatives presented in each original study. These numbers were counted based on specimens, not persons. To assess the overall accuracy, we evaluated the diagnostic odds ratio (DOR) using the DerSimonian-Laird random-model and the area under hierarchical summary receiver operating characteristics (HSROC) curves (AUC) using Holling's proportional hazard model 38, 39 . We also drew a paired forest plot and HSROC, and calculated the summary estimates of the sensitivity and the specificity using the bivariate model 33 . The positive likelihood ratio (PLR) and negative likelihood ratio (NLR) were estimated based on the summary estimates of sensitivity and specificity 33, 34 . AUC, PLR, and NLR were interpreted according to the criterion by Grimes et al. and Jones et al. 40, 41 .
Heterogeneity. The heterogeneity assessed by the I 2 statistic was interpreted as follows: 0% to 40% was not be important, 30% to 60% represented moderate heterogeneity, 50% to 90% represented substantial heterogeneity, 75% to 100% indicated considerable heterogeneity 42 .
Software. We used the following commands of the statistics software R: the "madauni" command for DOR, the "phm" command for AUC, and the "reitsma" command for the HSROC curve and the summary estimates of sensitivity and specificity 38, 39 .
Sensitivity analysis. We conducted sensitivity analyses by focusing on high-quality reports, the in-house LAMP assay, and by using the commercialized Loopamp MTBC Detection Kit targeting gyrB DNA and IS6110 DNA manufactured by EIKEN CHEMICAL CO., LTD. (Loopamp MTBC). Use of only the Loopamp PURE DNA Extraction Kit was not counted as Loopamp MTBC. We also evaluated the diagnostic test accuracy using data derived from studies that obtained one sputum specimen from an individual.
Results
Study search and study characteristics. Of the 289 candidate articles, we finally identified 25 eligible articles representing 27 independent studies ( Fig. 1) . Among the 27 studies, 22 used the cohort approach, one used the case-control approach, and four did not describe the recruitment approach; 17 were full-length articles, nine were conference reports, one was thesis; 24 were written in the English language, three were written in the Japanese language; nine used the commercialized Loopamp MTBC, 18 evaluated in-house LAMP assays; 26 evaluated sputum samples, and one evaluated extra-pulmonary specimens (Table 1) . No study used non-sputum respiratory samples such as gastric fluid or bronchial lavage. Notably, a conference report by the World Health Organization (WHO) described three independent studies 11 . While, three were multi-national studies, 24 were single-national studies. Six were from each of Japan, and India, three were from each of China and Iran, and one was from each of five other countries. According to the World Bank classification, eight, seven, eight, and one were from high, upper-middle, lower-middle, and low income countries, respectively. The number of specimens evaluated in each study ranged from 10 to 1741 with a median of 161, which totaled 9645 consisting of 3099 TB culture-positive specimens and 6546 TB culture negative specimens. Six studies were regarded as low-quality due to the case-control study design or inappropriate exclusion of samples, while the other 21 were regarded as high-quality studies (Table 1 . Supplementary Figure 1 ).
Respiratory specimen.
In the 26 studies that evaluated 9330 sputum samples included 3069 culture positive specimens and 6261 culture negative specimens were assessed. These studies yielded sensitivities in the range of 68.7-100.0% with a median of 90.0% and specificities in the range of 48.0-100.0% with a median of 95.4% (Fig. 2) . The AUC of 0.962 (95% confidence interval (95% CI) 0.949-0.975) and the DOR of 145 (95% CI 93-226, I 2 = 19.8%) suggested very good overall diagnostic accuracy ( Table 2 , Figs 2 and 3A) 41 . The data from the 26 studies provided the summary estimate sensitivity of 89.6% (95% CI 85.6-92.6%) and the summary estimate specificity of 94.0% (95% CI 91.0-96.1%). PLR and NLR were 14.9 (95% CI 9.8-22.8) and 0.11 (95% CI 0.08-0.15), respectively. These likelihood ratios meant that a positive LAMP assay result greatly increased the probability of culture proven TB and that a negative LAMP assay result moderately decreased the probability 40 . After six low-quality studies were excluded, the diagnostic accuracy statistics did not significantly change ( Table 2 , Fig. 3B ).
Based on assay-dependent subgroup analyses, Loopamp MTBC was evaluated by nine studies on 5283 sputum samples and the in-house LAMP assay was evaluated by 17 studies on 4047 sputum samples( Table 2 , Fig. 3C,D) . Although the in-house assays used a variety of analysis methods and targeted nucleic acids, we did not observe heterogeneity during the meta-analysis of DOR for in-house assays (I 2 = 0%). There was no significant DOR value difference between studies focusing on Loopamp MTBC and studies focusing on in-house LAMP. However, the AUC was significantly higher for studies focusing on in-house assays. The summary estimate of sensitivity for in-house assays (sensitivity 93.0%, 95% CI 88.9-95.7%) was higher than that for Loopamp MTBC (sensitivity 80.9%, 95% CI 76.0-85.1%), while the summary estimate of specificity for in-house assays (specificity 91.8%, 95% CI 86.4-95.1%) was lower than that for Loopamp MTBC (specificity 96.5%, 95% CI 94.7-97.7%).
Four studies provided data concerning the diagnostic test accuracy of Loopamp MTBC for smear-positive and negative specimens separately. For smear-positive sputa, the Eiken assay yielded the summary estimate sensitivity of 96.6% (95% CI 90.4-98.8%) and specificity of 71.3% (95% CI 37.1-91.3%). These summary estimates resulted in PLR of 3.4 (95% CI 1.5-11.1) and NLR of 0.05 (95% CI 0.02-0.16) ( Table 2 , Fig. 3E ). For smear-negative sputa, the Eiken assay led to the summary estimate sensitivity of 54.3% (95% CI 34.7-72.6%) and specificity of 98.6% (95% CI 97.3-99.1%), which yielded PLR of 38.8 (95% CI 19.3-72.5) and NLR of 0.46 (95% CI 0.28-0.66) ( Table 2 Fig . 3F ). PPVs and NPVs depending on the pre-test probability and smear status were estimated from these summary estimates of sensitivity and specificity (Fig. 4) .
As a sensitivity analysis, we evaluated the diagnostic test accuracy using data derived from studies that obtained a sputum specimen from an individual. This provided DOR of 130 (95% CI 73-231) and AUC of 0.958 (95% CI 0.939-0.979), which are compatible those obtained from the data of 26 studies with sputum (Table 2G) .
Extra-pulmonary specimen. Only one study by Joon et al. evaluated the diagnostic test accuracy of the Loopamp MTBC assay for culture-proven TB using extra-pulmonary specimens. This study assessed 315 extra-pulmonary specimens including blood, urine, lymph node, and a variety of body fluids (Fig. 2) . They revealed a DOR of 159 (95% CI 36-712), the AUC of 0.961, a summary estimate sensitivity of 93.3% (95% CI 77.9-99.2%), and a summary estimate of specificity of 91.9% (95% CI 88.1-94.8%) ( Table 2) . 
Discussion
We systematically reviewed the diagnostic accuracy of the LAMP assay for culture proven TB. Judging from the DOR and the AUC, the diagnostic accuracy of LAMP assay was very good for both sputum and non-respiratory specimens 41 . However, its diagnostic test accuracy was poorer than that of PCR assays such as Xpert and Cobas TaqMan 4, 5, 43 . Using sputum samples, the LAMP assay provided the summary estimate sensitivity of 89.6% and specificity of 94.0%. We did not observe any significant discrepancy between test accuracies between sputa and Table 2 , Fig. 3 ). < Decontamination> NALC-NaOH, N-acetyl-l-cysteine with sodium hydroxide; NaOH, sodium hydroxide. extra-pulmonary specimens ( Table 2 ). The robustness of our result was supported by numerous factors. First, we carried out an attentive study search. Yuan et al. reported a systematic review on the same topic in 2014, which finally included 10 articles with 1920 specimens 6 . A recently published systematic review by Yan et al. included nine articles with 2971 sputum samples 7 . In contrast, we were able to include as many as 26 studies with 9285 specimens thanks to our careful study searching. This large number of included studies and specimens enhanced the credibility of our analysis. Second, across our meta-analyses, we did not find strong heterogeneity (I 2 < 30%). Third, sensitivity analyses consistently revealed similar overall diagnostic ability. Fourth, the currently recommended hierarchical model was used instead of univariate meta-analysis. In addition, the strength of the current study is that we obtained diagnostic accuracy focusing on Loopamp MTBC and smear statuses. Nucleic acid amplification shows different diagnostic characteristics depending on the smear status ( Table 2 , Figs 3 and 4) 5 . Thus, we have to interpret the result from the LAMP assay combined with the result from smear status. For smear-negative specimens, a positive LAMP assay greatly increased the probability of culture-proven TB and can be recognized as a rule-in examination. However, a negative LAMP assay could not add essential information on smear-negative specimens. A PCR assay also frequently shows a false negative result for smear-negative sputa, thus the diagnostic test accuracy of the LAMP assay for smear-negative sputa is almost The figure was drawn based on the sensitivity of 0.966 and specificity of 0.713 for smear-positive sputum samples and the sensitivity of 0.543 and specificity of 0.986 for smear-negative sputum samples. Pre-test probability has similar meaning to prevalence. Readers can simply input the prevalence in the country or area into pre-test probability. For example, in the area of prevalence of 5%, the pre-test probability may be 5% for screening setting. However, if clinical information is available, patient specific pre-test probability is preferred. For example, the pre-test probability may be 50% for a patients with chronic fever, history of TB contact, and a cavitation on X-ray even in an area with prevalence of 5%.
Scientific RepoRts | 6:39090 | DOI: 10.1038/srep39090 comparable to that of PCR 5 . For smear-positive specimens, a negative LAMP assay greatly decreased the probability of TB. However, because of the frequent false positive LAMP assay results for smear-positive sputa, a positive LAMP for smear-positive sputa did not greatly affect the probability of TB. High temperature, humidity, and inadequate volume of reagents are known risk factors for false positive results. This assay produces a large amount of DNA, which often spreads into the open air. This may cause crossover contamination in the subsequent assay. In addition, Loopamp MTBC may also cross-react with human DNA 11 . To minimize the risk of false positives, comprehensive training of laboratory technicians is required.
Loopamp MTBC, which is the only commercialized LAMP kit for TB, is not endorsed by WHO 11 . Among 27 included studies, only nine evaluated the Loopamp MTBC and the other 18 evaluated in-house LAMP assays. It is not very difficult to design original LAMP primers, thus researchers often try to create their original LAMP assay. Compared to Loopamp MTBC, the in-house LAMP assay showed higher sensitivity and lower specificity ( Table 2, Fig. 3 ). However, high performance of in-house assay is potentially supported by the bias introduced by higher skill and abundant resources in qualified laboratories that can conduct original LAMP assay compared to peripheral laboratories that participated in many field researches for the commercialized kit. The TB LAMP assay is usually applied for TB-suspected patients and is rarely used for screening purpose. To rule-in the TB diagnosis, specificity is more important than sensitivity. Therefore, reported in-house assays are generally not attractive. When designing a novel LAMP assay for TB, an assay with high specificity will be preferred.
There are variety of examinations to detect TB, thus physicians have to select the optimal diagnostic strategy according to the pre-test probability of TB estimated from patient characteristics and the prevalence of TB in the area. In addition, budget issues concerning both the patients and local government should be considered. Although PCR assays are the best examinations currently available 11 , LAMP is being accepted as an alternative test in resource limited countries. In our previous systematic review concerning Cobas TaqMan MTB real-time PCR, 13 out of 17 studies were reported from high-income countries using the World Bank criteria 5 . In contrast, only nine out of 27 studies in the current systematic review for the LAMP assay were from high-income countries (Table 1) . Currently, WHO recommend the use of Xpert MTB/RIF PCR assay to check the rifampicin resistance even in the peripheral laboratories 11, 43 . Although we generally understand the advantage of Xpert MTB/RIF over LAMP, many peripheral laboratories in high TB endemic area with limited infrastructures and medical resources cannot afford Xpert MTB/RIF 44 . LAMP might replace Xpert MTB/RIF in low-income peripheral area where multi-drug resistant TB is not prevalent, though clinicians should carefully consider the result of sputum smear and epidemiology, especially concerning drug resistance, in the area 5, 45 . Currently, neither LAMP nor Xpert is the ideal tool for peripheral setting.
Our study has a few limitations. First, some of the included studies had a risk of bias due to their study design. However, even after excluding the high-risk studies, the estimated test accuracy did not change. Second, studies about in-house assays evaluated a variety of assays. Nonetheless, meta-analysis concerning in-house assays did not show heterogeneity. We believe these flaws do not impair the robustness of our analysis. Third, our analysis does not directly answer the diagnostic test accuracy of LAMP assay for some specific settings, namely HIV-positive patients, drug-resistant TB, child cases, and non-TB mycobacterium suspected cases. Fourth, some included studies used multiple samples from one individual. Although this matter may bias the analysis result, the sensitivity analysis focusing on studies that evaluated one specimen from one patient guaranteed our overall analysis (Table 2) . Lastly, some think that our study search method was not sensitive enough, though we believe the search strategy is balancing sensitivity and specificity well.
In conclusion, we conducted a systematic review and meta-analysis using solid methodology to reveal the precise diagnostic test accuracy of the LAMP assay for TB. We included nearly three times as many studies as previous systematic reviews. A sensitivity analysis ensured that our results were robust. Although the diagnostic test accuracy of LAMP assay is very good, it is still poorer than that of PCR assays. Compared to Loopamp MTBC, the in-house LAMP showed higher sensitivity and lower specificity. Diagnostic characteristics were very different, depending on smear status. We believe use of the LAMP assay combined with smear status is an acceptable diagnostic strategy especially in resource-limited areas. However there is still need to improve the assay to make it simpler, cheaper and more efficient to make it competitive against other PCR methods already available.
